In this work a heat treatment procedure was performed on laser clad Ti-6Al-4V, which resulted in a reduction of tensile residual stresses in the clad samples as well and a decrease in the hardness of the clad layer with an increasing heat treatment time. The reduction in the residual stress was attributed to inter-phase stress relaxation brought about by the growth of the β phase. The reduction in hardness was attributed to an increase in the volume fraction of the soft β phase. Both the reduction in residual stress and hardness due to this heat treatment makes it an attractive method to heat treat both laser clad and additively manufactured Ti-6Al-4V components for improved mechanical properties.
Introduction
Many of the components on current and next generation aircraft are manufactured from Ti-6Al-4V. Components made from Ti-6Al-4V are typically high value components and when they reach their life time due to wear, corrosion or foreign object damage are replaced as part of typical ongoing maintenance of aircraft fleets. Repair of these damage parts offers significant savings and hence reduces the cost of ownership of the aircraft. Removal of the damaged area followed by laser cladding offers the potential to reclaim the damage components. Trials in the area of laser cladding for repair have revealed that irrespective of the laser traversing speed, if the laser power is adjusted to control the heat input such that the thermal profile is similar for the deposition speeds, the microstructure is martensitic and the residual stress that is formed is similar [1, 2] . The residual stress levels formed are tensile in nature, where a maximum stress of 150 MPa forms at the interface near where cladding was finished. Tensile stresses are undesirable for fatigue loading applications and as such reducing or eliminating their presence is important to the operation of the repaired component.
Stress relief heat treatments relax residual stresses in metallic material in one of two ways. Either the temperature is raised and a phase transformation occurs, which relaxes residual stresses such as the precipitation of carbon in martensitic steels or the completion of the austenitemartensite phase transformation in steels [3] ; Or materials that don't undergo a phase transformation, exposure to elevated temperatures lowers the yield strength of the material, which in turn relaxes residual stress that are greater in magnitude and if cooled slowly enough do not reform [4] . Most of the stress relief heat treatment data in the literature merely reports the level of stress relaxation due to the heat treatment without identifying the reason for the relaxation [5] [6] [7] . Potentially the nature of the mechanism in each alloy will vary subtly and in turn this will influence the level of stress relaxation. However there have been studies that have used finite element modeling to successfully simulate post weld heat treatments [4, 8] , which verify the effect of lowering the yield stress by elevated temperature exposure.
There are very few published studies of the stress relief heat treatments of Ti-6Al-4V welded or laser clad structures. Thomas et al [9] have studied both pre and post heat treatments of electron beam welded Ti-6Al-4V. The post welding heat treatment was carried out at 540 o C for 2 hrs followed by air cooling. It was found that this time and temperature were not effective at improving toughness in the fusion and heat affected zones. A synchrotron study of welded Ti-6Al-4V annealed in the x-ray beam over a range of temperatures between 400 o C and 650 o C [10] showed that between 400 o C and 550 o C the lattice spacing of the  phase decreased. This was explained as a relaxation of residual stresses in the  phase. This relaxation was found to be at a maximum at 450 o C and is the reason why this temperature was chosen for the stress relief heat treatment of this study.
Experimental Procedure
A 2.5 kW Nd:YAG Rofin-Sinar laser was used to perform the laser cladding. The laser was delivered with a 0.6 mm diameter step-index optical glass fibre terminated with collimating and focussing lenses of 200 mm focal length positioned to produce a laser spot size of 3 mm. The powder was delivered with a side injecting nozzle positioned perpendicular to the direction of the laser movement and in line with the laser spot. The Ti-6Al-4V powder used to create the clad layer was supplied by TLS, Germany and had an average particle size of 60 m. Three samples were produced using laser power of 1477 W, a laser traversing speed of 1500 mm/min and a laser spot size of 3 mm, the laser beam had a Gaussian profile. The cladding was conducted in an inert gas environment chamber to reduce the absorption of oxygen and nitrogen during cladding, the experimental setup can be seen in Figure 1 . Two samples were placed in an oven with an air atmosphere at 450 o C. The two samples were taken out of the oven after three and then six hours and cooled in air. Only one heat treatment temperature was employed based on the finding of Elmer et al [10] where they observed the greatest change in the β lattice parameter at this temperature. It is the objective of this work to determine what effect that changing β phase lattice constant has on residual stress in the laser clad samples. The two heat treatment times show the effect of increasing time at temperature which was longer than that of the study of Elmer et al. The laser clad samples were relatively large (30x30x6mm) and prior work had demonstrated the consistence of the process from sample to sample [1, 2] . Only one samples was used to represent the as clad and the two heat treated samples as heat treatments are a well-established process and the need to analyse process variation was deemed unnecessary.
Residual strain through-sample-thickness scanning was carried out using neutron diffractometer KOWARI (ANSTO, Australia). A monochromatic neutron beam with a wavelength of λ = 1.727 Å irradiated the sample and diffraction peaks from Ti (103) reflections were used for the strain analysis of the samples. The combination of titanium (103) lattice spacing and the wavelength resulted in a scattering angle of 90° which provided the best spatial resolution for the instrument configuration to be close to optimal with regard to the beam intensity. For the neutron strain measurements a sampling volume with nominal size of 0.4 x 0.4 x 18 mm 3 was used. This spatial resolution was sufficient to perform through thickness scans at nine different locations, where strains were measured between 60-70 μ strains, which resulted in a stress accuracy of around 5 MPa. Neutron diffraction data was collected for three perpendicular directions (two perpendicular in-plane direction and one normal) enabling the resolution of in-plane stresses and the unstrained lattice parameter d 0 .
After neutron diffraction the samples were sectioned perpendicular to the laser track direction and prepared for metallography. The samples were polished initially by grinding, which was followed by polishing where the final stage colloidal silica was used. The samples were etched with Kroll's reagent. SEM was conducted on a field emission gun microscope using the secondary electron detector. Microhardness traverses were also conducted on a Buehler microhardness tester with a load of 300 g. Transmission electron microscopy (TEM) was conducted using JEOL 2100F equipped with a field emission gun. The samples were prepared by grinding the specimens, which were cut from the clad layer parallel to the substrate plate, down to 100 µm thick. This was followed by ion beam milling to achieve electron transparency.
Results and Discussion
The results of the neutron diffraction are shown in Figure 2 as residual stress profiles. The maximum tensile residual stress after laser cladding is around 150 MPa at the clad-substrate interface region, which was consistent with the pervious study [2] . After three hours at 450 o C, Figure 2b , the maximum residual stress has been lowered by 50 MPa to around 100 MPa. After six hours at 450 o C there is no further decrease in the residual stress levels. A comparison of the residual stress data for the two sample orientations of the laser clad layer revealed that the stresses were very similar for all three measurements, which is indicative of the stress being biaxial and balanced. The symmetry of the square shape of the laser clad samples and the balance of the stresses in both orientations suggest that laser cladding of Ti-6Al-4V is a uniform process. The absence of a stress balance in the three figures can be attributed to the fact that the edges of samples were not measured. It is reasonable that the edges are in compression with a magnitude that balances the stresses. The error in the neutron measurements are due to the peak fitting of the measured diffraction peak and are smaller than the observed trends in the stress data and this is because enough time was taken for each measurement that good quality diffraction peaks were measured.
The residual stress profile of the as clad sample shows a slightly compressive residual stress near the surface, which then becomes a tensile stress and increases in magnitude until a point just inside the substrate, which is the position of the bottom of the molten pool formed during the laser cladding process. In analogy to welding processes that use filler material, this stress is created by the thermal profile of the laser in this region as it cools from its molten form [11] . Figure 3 shows that the clad layer has a martensitic structure, which when formed exerts a compressive stress on the lattice of the material [12] , thus reduces the magnitude of any tensile residual stress present in the transforming material at the temperature at which the transformation occurs, which is around 530 o C for Ti-6AL-4V depending on the cooling rate [13] . Further into the substrate the tensile stresses decrease and then increase again. This phenomena is associated with temperatures reached in the different regions of the Heat Affected Zone (HAZ), like in welding, laser cladding produces a thermal profile which is composed of the melt pool and then the (HAZ). For Ti-6Al-4V the HAZ is broken into two regions, temperatures that reach above the β transus of 998 o C [13] and the region below that which does not. The region that exceeds the β transus, upon cooing, will undergo a martensitic phase transformation, which as discussed earlier exerts a compressive stress on the microstructure, thus reducing the magnitude of existing tensile residual stresses. However the material that is adjacent does not undergo the phase transformation but reaches a temperature similar to that of the adjacent transformed material and as such does not get the befit of the compressive residual stress of the phase transformation. Instead this region develops the full magnitude of tensile stresses due to the thermal profile of the laser and the level of tensile stress increases. This phenomenon is well known for welding of materials that undergo phase transformation during cooling [12, 14, 15] .
To develop an understanding of the mechanism of residual stress relaxation and tempering of the clad layer, characterisation of the microstructure was performed. SEM of the microstructure after etching showed that all three microstructures exhibited a martensitic basket-weave structure, typically formed by the high cooling rates produced by laser cladding of Ti-6Al-4V [1, 16, 17] . Visual comparison of the three micrographs shows no discernible change to the thickness of the martensitic laths in the microstructure, due to the two heat treatment times, Figure 3 . Microhardness traverses, Figure 4 , show that after 3 hours there was no change in the hardness in both the clad and substrate regions and after 6 hours the hardness in the clad layer decreases to almost the level of the substrate, which is indicative of tempering of the microstructure. To elucidate why the residual stress was being relaxed and the hardness reduced TEM was employed. Bright and dark field pairs of the laser clad region of the Ti-6Al-4V samples in the as clad and heat treated states, Figure 5 , revealed that the β phase fraction of the microstructure was increasing due to increasing time at a temperature of 450 o C. From the results it is apparent that there are two distinct effects of the heat treatment at 450 o C for the two treatment times used but only the change in the β phase fraction appears to be occurring from a microstructural point of view. The TEM images of Figure 5 are representative of the structures that were observed in three individual foils for each condition.
The relaxation of the residual stresses after three hours can be attributed to a relaxation of the β phase at that temperature. The formation of residual stresses between the α and β phases has three sources. These are:
 The difference in thermal expansion between the α and β phases;  The generation of stresses during the β→α transformation during cooling;  The decrease in atomic volume of β phase relative to the α phase during cooling. These stresses are separate to residual stresses generated due to the thermal profile during laser cladding, where the colder material constrains the hotter material resulting in the formation of tensile stresses. This type of stress is known as type I stress, or macroscopic stress. Whereas the stresses between the two phases are known as type II stresses, or inter-granular/phase stresses [18] .
The synchrotron work of Elmer et al [10] revealed that at 450 o C the lattice spacing of the β phase relaxes due to exposure to elevated temperature is at a maximum. As was mentioned in the introduction, this is the basis of the heat treatment investigation. The work of Elmer et al simply noted that the relaxation was occurring and the residual stress levels in the sample were not measured. The result in Figure  2 shows that in fact some of the tensile residual stresses produced by laser cladding are relaxed due to the relaxation of the β phase. Given the inter-phase nature of the stress relaxation and the fact that not all the residual stresses were relaxed, it is proposed that just the type II, inter-phase stresses are relaxed due to the heat treatment. For this sample those stresses amount to 50 MPa, the level of the stress relaxation. The remaining residual stresses are type I stresses and can be attributed to the thermal profile created during laser cladding [2] . Type I stress can also be formed due to difference in thermal expansion between the clad layer and substrate, however for this experiment both the clad layer and substrate are Ti-6AL-4V and hence does not contribute to the residual stress. The mechanism of this relaxation appears to be the growth of the β phase into the α when exposed to a temperature of 450 o C. It is well known that the fraction of the β phase increases with temperature [19] . Therefore as the β phase grows into the α phase, the interphase stress is relaxed. It appears that the β phase is relaxed prior to three hours, as after six hours at 450 o C the residual stress has not decreased further but the fraction of the β phase has. This suggests that it is only the initial movement of the α/β boundary that relaxes the interphase stresses as further increase in the β phase fraction does not result in any further reductions of the residual stress profile. The reduction in the hardness level of the laser clad layer after 6 hours at 450 o C was unexpected. In martensitic steels the reduction in hardness due to heat treatment is known as tempering. During the martensitic transformation in steels a large number of dislocations are formed due to the crystallography of the transformation. Then during a low temperature heat treatment the dislocations recover into cell arrangements, which reduces the hardness of the material [20] . However it appears that this is not the case for Ti-6Al-4V, instead the increase in the β phase fraction at ambient temperature is responsible for the reduction of the hardness in the clad layer. The body centred cubic structure of the β phase is more ductile than the hexagonal α phase [21] . Therefore the increase in the volume fraction of β is responsible for the reduction in the hardness level because hardness is an indirect measurement of plasticity.
Conclusions
A stress relaxation and tempering heat treatment for laser clad Ti-6Al-4V has been developed. It was found that the Type II inter-phase stresses were relaxed after 3 hours at 450 o C and was attributed to the initial growth of the β phase into the α martensite laths. Then after a further 3 hours (6 hours in total) the martensitic microstructure was tempered. The tempering of the martensite was attributed to an increase in volume fraction of the ductile β phase.
